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INTRODUCTION 
In 1536 when the conquest of Peru was being accomplished an expedition 
set out from Santa Marta on the Caribbean shore of what is now called 
Colombia. The leader was Jimenez de Quesada and the expedition worked 
its way south out of the Magdalena valley. They saw for the first time 
potatoes in the Valle de la Grita of the northern Andes, in the modern 
province of Velez (Hawkes, 1967). 
The nearest estimate of the date of introduction in Europe is 1570 
in Seville, Spain. From Spain the potato spread into continental 
Europe. At a later date 1596 potatoes were introduced in Ireland and 
from there in Scotland and England. The potato was probably taken to 
North America in 1719 by Scottish or Irish immigrants who established 
a colony at Londonderry, New Hampshire. Social changes helped to 
overcome objections to the crop and fostered its acceptance. By the 
nineteenth century its use was widespread (Dodds, 1966). 
Potato cyst nematodes have co-evolved with their solanaceous hosts in 
the Andean region of South America and were introduced in Europe with 
potatoes imported for breeding purposes from about 1850 onwards (Jones 
& Jones, 1974). Today potato cyst nematodes are present in nearly all 
temperate zones where potatoes are cultivated and they embody a 
considerably loss to the farmer. At a world scale these losses are 
estimated to constitute about 10% of the annual yield (Brodie, 1984). 
In 1923, Wollenweber classified the potato strain of the sugar beet 
cyst nematode Heterodera schachtii (Schmidt) as the potato cyst 
nematode Heterodera rostochiensis. The first sign that the potato cyst 
nematode might not be a single species was the discovery of 
populations able to overcome certain genes for resistance (Jones et 
al., 1970). It became apparent that not all pathotypes interbreed 
freely and that in Europe two sibling species of potato cyst nematodes 
are present: Globodera rostochiensis (Skarbilovich [Woll.]) and G. 
pallida (Stone) (Stone, 1972). The late discovery of the two species 
resulted from their striking morphological similarity, but on the 
basis of variations in proteins, they are estimated to have diverged 
millions of years ago (Bakker, 1987). 
Control of potato cyst nematodes is based on combinations of (1) 
crop rotation, (2) soil disinfestation with various nematicides and, 
(3) the use of resistant potato varieties. In the near future the 
application of nematicides may be restricted and the control of potato 
cyst nematodes will rely more on crop rotation and the use of 
resistant potato varieties. Both Globodera species have their own 
virulence spectra with respect to genes for resistance. A simple and 
quick screening test to characterize and quantify field populations 
according to species would create the possibility to develop potato 
varieties with a limited but defined spectrum of resistance. This 
consideration led to the development of monoclonal antibodies able to 
discriminate potato cyst nematodes at the species level (Schots, 
1988). 
Table 1 International scheme for recognition of pathotypes of 
Globodera rostochiensis and G. pallida (Kort et al., 1977) 
Clone Pathotypes 
Roi R02 R03 Ro^ Roc Pa^ Pa2 Pa^ 
S. tuberosum ssp. tuberosum + + + + + + + + 
S. tuberosum ssp. andigena - + + - + + + + 
CPC 1673 (gene Hj) 
S. kurtzianum hybr. 60.21.19 - - + + + + + + 
(gene A,B) 
S. verne i hybr . 58.1642/4 - - - + + + + + 
S. verne i hybr. 62 .33 .3 _ _ _ _ + _ _ + 
S. verne i hybr. 65 .346. /19 - - - - - + + + 
S. mul t id issectum hybr . P55/7 + + + + + - + + 
(gene H2) 
S. vernei hybr. 69.1377/94 _ _ _ _ _ _ _ _ 
+ •= Pf /Pj >1; - - Pf /Pi <1 
Currently eight pathotypes are recognized in Europe (Table 1), five 
within Gj_ rostochiensis (Ro^ - R05) and three within Gj_ pallida (Pa, -
Pa3) (Kort £ t a l . , 1977). Canto Saenz & de Scurrah (1977) set up a 
similar Andean scheme with other denominations and detected several 
pathotypes not present in Europe. The European pathotypes are defined 
by the i r m u l t i p l i c a t i o n ra tes on six d i f f e r e n t i a l clones: Solanum 
tuberosum ssp. andigena CPC 1673 (Ellenby, 1952), S^_ kurtzianum hybrid 
60.21.19 (Huijsman, 1960), the S. vernei accessions GLKS 58.1642/4, 
62.33.3 and MPI 65.346/19 (e.g. Ross, 1969; Huijsman & Lamberts, 1972; 
Kort et aJU, 1972) and S^ multldissectum hybrid P55/7 (Dunnett, 1961). 
Resistance aga ins t potato cyst nematodes is a lso found in other 
solanaceous species (e.g. Sidhu & Webster, 1981; Ross, 1986). Usually 
Pf/P^ values are determined in pot experiments by inoculat ing 
approximately 25 c y s t s (P<) and a s s e s s i n g the number of newly 
developed cysts (Pj). These types of experiments can also be carried 
out in closed containers (Foot, 1977). 
The definition of pathotype commonly used in phytopathology is not 
valid for potato cyst nematodes. Pathotypes are classified as virulent 
or avirulent for a different ial if P^/Pj-values are respectively >1 or 
<1. This implies that pathotypes are not necessarily fixed for al leles 
for virulence or avirulence. As a consequence, populations classified 
as identical pathotypes may vary in the number of virulent individuals 
for a given d i f f e r e n t i a l (Bakker, 1987). In t h i s thes i s the term 
virulent individual i s reserved for the abi l i ty to overcome resistance 
and to develop into a female. 
Multiplication ra tes as such are not an appropriate measure for the 
level of virulence in a population. Pf/Pj values are density dependent 
and influenced by differences in hatching (Forrest & Phil l ips, 1984; 
Rawsthorne & Brodle, 1986). Furthermore Pf/P^ values are extremely 
sensitive to environmental factors and often result in large variation 
between and within experiments. A more accurate method to estimate the 
frequencies of v i r u l e n t genotypes i s to express the Pf/P< on a 
different ial as a percentage of the Pf/Pj on a general suscept ible 
host. However, near isogenic l ines with and without resistance do not 
exist . This implies that rates of multiplication are also influenced 
by genes other than those for resistance. 
Problems associated with pot experiments and the lack of near 
isogenic lines can be minimized by rearing cysts on roots of sprouts 
grown in Petri dishes (Mugniery & Person, 1976). This method minimizes 
variations due to e.g. differences between cultivars in rates of root 
growth, hatching or inoculum densities per root tip, and allows 
therefore more accurate estimates of the number of virulent 
phenotypes. In addition this method can be used for controlled matings 
between females and single males which allows a precise genetic 
analysis. 
Howard (1959) and Jones & Parrott (1965) suggested that similar to 
the system of Linum usitatissimum-Melampsora lini, the interaction 
between Gj_ rostochiensis and the H-^  gene for resistance of Solanum 
tuberosum ssp. andigena CPC 1673 is also controlled by a gene-for-gene 
mechanism with virulence (a) being inherited at a single locus and 
recessive to avirulence (A). It was also assumed that this interaction 
is confined to larvae developing into females and that males 
developing on a resistant clone can have any genotype (AA, Aa or aa). 
Studies to support this gene-for-gene hypothesis (Parrott & Berry, 
1974; Parrott, 1981) lacked the experimental and numerical base 
necessary for a formal proof. 
Several sources of resistance against potato cyst nematodes were 
investigated. Resistance from S. tuberosum ssp. andigena CPC 1673 
(gene H ^ (Ellenby, 1952), S. kurtzlanum (gene A,B) (Huijsman, 1960) 
and S^ multidissectum (gene lU) (Dunnett, 1961) is based on major 
genes whereas the resistance in the S. vernei accessions (e.g. Ross, 
1969; Huijsman & Lamberts, 1972; Kort et al., 1972) has a polygenic 
nature. The most important sources of resistance used in Western 
Europe are those from S. tuberosum ssp. andigena and Sj_ vernei. 
Because of the monogenic nature of the H^ resistance (Huijsman, 1955) 
it was decided to study the virulence in G. rostochiensis for this 
gene. The main objectives of this study were to obtain lines of G. 
rostochiensis with defined levels of virulence and to investigate the 
inheritance of virulence. This kind of information will contribute to 
a better understanding of virulence in field populations and will also 
create possibilities to study the virulence mechanisms at the 
molecular level. 
Therefore (i) an accurate method was developed to estimate as 
precisely as possible intra-specific variations in virulence in 
populations of Gj_ rostochiensis and G. pallida (chapter II), (ii) a 
method was found to circumvent the diapause of potato cyst nematodes 
(chapter I), (iii) avirulent and virulent lines were selected after 
controlled single matings in Petri dishes (chapter III), (iv) the 
inheritance of virulence was determined for the resistance gene Hi of 
S. tuberosum ssp. andigena CPC 1673 (chapter IV), and (v) the effect 
of heterozygosity for virulence on the development of potato cyst 
nematodes was analysed (chapter V). 
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CHAPTER I 
CIRCUMVENTING THE DIAPAUSE OF POTATO CYST NEMATODES 
R. Janssen, J. Bakker and F. J. Gommers 
Department of Nematology, Agricultural University, Binnenhaven 10, 
6709 PD, Wageningen, the Netherlands 
Abstract 
The diapause of potato cyst nematodes was bypassed by avoiding 
desiccation of the cysts. Larvae were artificially hatched by cutting 
the cysts in halves and subsequent incubation in potato root 
diffusate. Approximately 40% of the cyst content hatched. These 
treatments had no influence on viability and fecundity as ascertained 
by rearing nematodes in pots and on roots of sprouts grown on water 
agar in Petri dishes. With the artificial hatching procedure it is 
possible to produce five to six generations a year in Petri dishes and 
three to five generations in pots. 
Introduction 
In the international pathotype scheme of Kort et al. (1977) potato 
cyst nematode populations are designated virulent or avirulent for a 
given differential if the multiplication factor (Pf/P^) is > 1 or £ 1, 
respectively, implicating that populations of pathotypes are defined 
as a response to a certain resistance source. In compatible 
combinations the multiplication factors may range from 1 to 
approximately 40 indicating that the numbers of virulent individuals 
vary considerably among populations classified as identical 
pathotypes. Generally those variations for virulence are not taken 
into account in studying the biochemical and histopathological aspects 
of the host-parasite interactions. Moreover, current knowledge on the 
genetics of the host-parasite interaction is inadequate in obtaining 
conclusive results. 
Genetic research is hampered by the diapause. Preventing the potato 
cyst nematodes from going into diapause will accelerate genetic 
studies on the Globodera rostochiensis (Woll.) Behrens and G. pallida 
(Stone) Behrens pathotypes. Although a substantial body of literature 
is available on the hatching process (e.g. Clark and Perry, 1977) no 
detailed information is published on bypassing the diapause. There are 
reports which point at this problem. Cunningham (1960), Ellenby and 
Smith (1967), Guile (1967) and Rode (1971) showed that if there is a 
diapause it varies considerably in length. Shepherd and Cox (1967) 
found that fresh brown cysts, if crushed, gave a 39% hatch of the 
total cyst content. Promising results were also obtained by McKenna 
and Winslow (1972) who managed to produce six generations a year by 
subsequent inoculation of pots with soil containing cysts of the 
former generation. 
Preliminary experiments involving temperature shocks were not 
satisfactory. Storing moist and air-dried cysts during various 
alternating time intervals at -80', -20*, +4* and 21*C did not result 
in any significant acceleration of the hatching process. 
The research described in the present paper investigates the 
possibilities to accelerate genetic research by shortening the time 
between subsequent generations. 
Materials and aethods 
The G. rostochiensis populations Roi-Mierenbos, ROJ-CJ^J, Ro^-F^j and 
G. pallida populations Pa2~Dutch D and I^-Ejoni were obtained from 
the Plant Protection Service (Wageningen, the Netherlands). R05-
Harmerz was from Dr H.J. Rumpenhorst (Münster, Federal Republic of 
Germany) and Pa2_HPL, from Ir A. Mulder (Hilbrands Laboratorium, 
Assen, the Netherlands). The pathotype classification of G. 
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rostochiensis (Roi-Ror) and G^ pallida (Pai-Pa?) are according to the 
scheme of Kort et al. (1977) and the codes refer to the registration 
in the original collections. The populations were maintained on 
Solanum tuberosum ssp. tuberosum L. 'Eigenheimer' susceptible to all 
pathotypes. 
Females were reared on roots of sprouts grown on water agar in Petri 
dishes (Mugniery and Person, 1976; Mugniery, 1982). Two second-stage 
larvae were inoculated per root tip and incubated at 21*C. Four to six 
weeks after inoculations each female was mated with a single male. The 
males from the seven populations were reared in pots on 'Eigenheimer' 
grown in sand in a climate chamber at 21 'C A slow release N-P-K 
fertilizer (Osmocote ) was added. One month after inoculation the 
males were recovered from the soil with an Oostenbrink elutriator 
(Oostenbrink, 1960). 
In pot experiments with three £_;_ rostochiensis populations young 
cysts were reared on 'Eigenheimer' as described above for males. Six, 
8 and 12 weeks after inoculation the young wet cysts were picked from 
the rootballs or collected from the soil with a Kort elutriator (Kort, 
1960). 
Root diffusate was obtained by placing a tuber of S. tuberosum ssp. 
tuberosum L. 'Bintje' in the dark, above a beaker filled with tap 
water. Approximately one month later, when the roots were developed, 
the solution was filtered, stored at 4"C and used as hatching agent. 
Hatching tests were performed in micro-titer plates (Linbro ) with 
one cyst per hole (25 mm ) at 21'C. The hatching agent was refreshed 
weekly. 
Results 
Artificial hatching from newly formed fresh cysts reared in Petri 
dishes 
The percentage of inoculated second-stage larvae of the G. 
rostochiensis and G^ _ pallida populations that developed into females 
ranged from 52-84%. The number of fertilized females obtained after 
single matings varied from 33-60% of the larvae inoculated. The 
11 
average content was 193 eggs per cyst. The number of successful 
matings expressed as a percentage of the total number of females 
obtained was 59% on the average for the G^ rostochlensis populations 
and 68% for the G. pallida populations (Table 1). 
Table 1. Numbers of nematodes and hatched second-stage larvae (Fi 
generation) from newly formed cysts obtained 10-12 weeks after 
controlled inoculations and singular matings (P generation) on roots 
of potato sprouts grown on water-agar in Petri dishes. 
Pathotype 
population 
:1 
number females fertilized number artificial hatch 
of in- developed females of 
oculated eggs/ 2 2 1 
larvae1 No. (%)2 No. (%)2 cyst days weeks month 
No. No. No. (%r 
Roj-Mierenbos 
Ro3-C133 
Ro4"F515 
Roc-Harmerz 
Pa2-Dutch D 
Pa2-HPL1 
Pa3-E1202 
LSD (P<0.05) 
104 
102 
90 
90 
120 
102 
100 
73 (70) 47 (45) 156 
86 (84) 43 (42) 120 
63 (70) 36 (40) 205 
71 (79) 47 (52) 151 
62 (52) 46 (38) 180 
80 (78) 61 (60) 244 
60 (60) 33 (33) 297 
18 
12 
39 
27 
21 
12 
16 
52 
52 
66 
83 
56 
41 
119 
75 
58 
69 
97 
72 
110 
127 
(48) 
(48) 
(33) 
(64) 
(40) 
(45) 
(42) 
6.10 
Obtained from air-dried 1 year old cysts. 
Percentage of inoculated larvae. 
Cumulative number of hatched larvae; mean of 30 cysts. 
Percentage of average number of eggs per cyst. 
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From the cysts thus obtained 30 per population were used in an 
artificial hatching test immediately and the remainders were stored 
air-dry and tested for hatchability after one year. Artificial 
hatching was performed by cutting cysts in halves with a scalpel and 
subsequent incubation in root diffusate. Hatched larvae were counted 
after two days, two weeks and one month (Table 1). 
Table 2. Numbers of nematodes and hatched second-stage larvae (Fo 
generation) from newly formed cysts obtained 10-12 weeks after 
controlled inoculations and singular matings (F, generation) on roots 
of potato sprouts grown on water-agar in Petri dishes. 
Pathotype 
population 
Ro^-Mierenbos 
ROn—C-i o o 
Ro 4-F 5 1 5 
Roc-Harmerz 
Pa2~Dutch D 
Pa2-HPL1 
Pa 3-E 1 2 0 2 
LSD (P<0.05) 
number 
of in-
oculated 
larvae 
100 
100 
100 
100 
100 
100 
100 
Fl 
females 
developed 
No.(=%)X 
66 
67 
57 
69 
57 
69 
51 
fertilized 
females 
No.(=%)1 
40 
56 
__4 
45 
__4 
46 
__4 
number 
of 
eggs/ 
cyst 
127 
169 
153 
201 
F2 
artificial 
hatch2 
No. 
50 
96 
— 
58 
— 
98 
— 
( % ) 3 
(39) 
(57) 
— 
(38) 
— 
(«9) 
— 
7.02 
Percentage of inoculated larvae. 
Mean of 30 cysts; hatch determined after 1 month. 
Percentage of average number of eggs per cyst. 
No males for fertilization. 
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In one month about 46% of the total cyst content hatched (Table 1). 
Cysts from the same batches stored air-dry for one year - a standard 
method - gave an average hatch of 71% when the whole cysts were 
incubated in root diffusate. 
As shown in Table 2 the viability and fecundity of females from the 
artificially hatched larvae was not significantly affected. The 
development, the fertilization as well as the egg content of the 
females were for all populations in the same range as those of the 
starting generation. 
Using the method outlined here we were able to produce four to five 
generations a year. In two weeks sufficient larvae were obtained by 
artificial hatching to start a new generation. It took 8 to 10 weeks 
to obtain fertile females and two additional weeks for the eggs to 
develop from which the second-stage larvae could be artificially 
hatched again. 
Artificial hatching from newly formed fresh cysts reared in pots 
Subjected to artificial hatching, on an average 68 active second-stage 
larvae were obtained per brown cyst of G. rostochiensis recovered from 
the roots 12 weeks after inoculation. This figure corresponds with 40% 
of the total egg content. For comparison, a number of the cysts was 
stored air-dry for a year and then placed in hatching agent. The 
number of active larvae thus obtained averaged 75% of the cyst content 
(Table 3). 
Evidently, cutting of cysts in halves as well as moisture conditions 
favour the hatchability. When 12-week-old fresh brown cysts were 
placed in hatching agent without cutting them the hatchability 
decreased to about 3% of the cyst content (Table 3). Also when 12-
week-old fresh brown cysts were stored air-dry during two weeks, cut 
in halves and placed in hatching agent the percentage of active larvae 
obtained dropped to 12% as compared to 40 % for artificial hatching. 
To investigate possibilities to obtain several generations a year in 
pot experiments, population Roo-Cioo was studied in detail. Crushed 
young cysts were inoculated two weeks after planting potatoes in pots. 
Ten to 14 weeks later new cysts were harvested and inoculated again as 
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described above. Using this method with an initial density of 1 cyst 
per 10 g soil the multiplication factor of the four generations was on 
an average 16.4 per generation. 
Table 3. Effect of cyst age on artificial and normal hatching of 
active second-stage larvae from newly formed cysts and 1 year old air-
dry stored cysts reared on potato roots grown in pots. Numbers of 
larvae are averages of 60 cysts after one month of incubation. 
Pathotype 
population 
Roi-Mierenbos 
R O Q Cl O O 
Roc-Harmerz 
LSD (P<0.05) 
Age 
(weeks 
after 
inocu-
lation) 
6 
12 
8 
12 
6 
12 
Cyst1 
colour 
W 
B 
Y 
B 
W 
B 
Number 
of 
eggs/ 
cyst 
168 
167 
141 
173 
145 
175 
Hatching from new cysts 
artificial2 
No. 
46 
71 
17 
76 
30 
57 
5. 
( Z ) 4 
(27) 
(43) 
(12) 
(44) 
(20) 
(33) 
1 
normal 
No. 
6 
3 
4 
7 
7 
3 
2.5 
(%)4 
(4) 
(2) 
(3) 
(4) 
(5) 
(2) 
Normal 
hatching 
after 
1 year 
No. ( % ) 4 
110 (65) 
134 (80) 
103 (73) 
105 (61) 
128 (88) 
148 (85) 
3.3 
W=white, Y=yellow, B=brown. 
Halved cysts incubated in root diffusate. 
Whole cysts incubated in root diffusate. 
Percentage of average number of eggs per cysts. 
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Discussion 
The artificial hatching procedure described here enables the 
propagation of three to five generations a year in pots and five to 
six generations a year in Petri dishes, which considerably facilitates 
genetic analysis of potato cyst nematodes. When females are reared in 
Petri dishes (Mugniery and Person, 1976; Mugniery, 1982) controlled 
matings can be made and rapid analysis of the progeny is possible. 
Furthermore, this system allows rearing large quantities of a 
population or inbred line of interest in a very short time. For 
instance, artificially hatched larvae from population 1103-0^33 gave an 
average multiplication factor of 16.4 in pots, which results, taking 
five generations a year, in an overall multiplication factor of 1.2 x 
10 . Such an approach is desirable in studying the inheritance of 
virulence of pathotypes of potato cyst nematodes and in producing 
populations which are homozygous for (a)virulence. 
In Petri dishes the number of successful inoculations is high; 70% 
of the larvae developed into females. This high percentage is in part 
the result of favourable conditions in Petri dishes. Only two second-
stage larvae were inoculated per root tip, which minimizes the 
competition for food. Our findings support the theory that sex 
determination is epigenic (Mugniery and Fayet, 1984). During the 
course of this study males were hardly observed. However, in genetic 
studies using controlled matings single larva inoculation per Petri 
dish is recommended to avoid contamination with developed males. 
That the remaining 30% of the second-stage larvae did not reach 
maturity may be the result of various factors. For instance, we 
observed that larvae left the inoculation site, started wandering 
through the Petri dishes and starved. Also some larvae failed to 
develop to maturity after penetration. 
From the figures in Table 1 it can be calculated that 63% of the 
developed females were fertilized. This percentage is high compared 
with 45% obtained by Green et al. (1970). This disparity may in part 
be explained by differences in the methods. 
Artificial hatching of second-stage larvae reared in Petri dishes 
and pots did not affect the viability and fecundity. The number of 
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successful inoculations and fertilizations in Petri dish experiments 
and the multiplication factor in pot experiments did not decline in 
subsequent generations. 
Our results show that the water regime in the cysts and cutting the 
cyst wall is essential in bypassing the natural diapause. When cysts 
were left to desiccate the number of artificially hatchable larvae was 
strongly reduced. Similarly the hatchability dropped to about 3% when 
whole wet brown cysts, not being cut, were placed in hatching agent. 
It is noted that the storage for a year favours the hatchability. 
The number of hatched larvae was 75% on an average of the eggs for one 
year air-dry stored cysts of the pot experiment, whereas this figure 
was 40% for new moist cysts when artificial hatching was applied. 
However, the number of larvae obtained by the artificial hatching 
procedure accomodates the scope of genetic research. 
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CHAPTER II 
ASSESSING INTRA-SPECIFIC VARIATIONS IN VIRULENCE IN GLOBODERA 
ROSTOCHIENSIS AND G. PALLIDA 
R. Janssen, J. Bakker and F.J. Gommers 
Department of Nematology, Agricultural University, Binnenhaven 10, 
6709 PD Wageningen, The Netherlands 
Abstract 
The accuracy of the method of Mugniery and Person (1976) to rear cysts 
on roots of sprouts of potato in Petri dishes to estimate the 
percentage of (a)virulent phenotypes in populations of pathotypes of 
potato cyst nematodes, was investigated. Percentages of (a)virulent 
phenotypes were assessed for several pathotypes of Globodera 
rostochiensis and G^ pallida. Frequencies of virulent phenotype values 
were compared with Pf/P.» assessments. 
Introduction 
Currently 8 pathotypes are recognized in Europe by the international 
pathotype scheme, five within Gj_ rostochiensis (Woll.) Behrens and 
three within G^ pallida (Stone) Behrens (Kort et_ al., 1977). 
Pathotypes are defined by their multiplication rates (Pf/P^-values) on 
a number of clones with different genes for resistance. Usually Pf/Pj-
values are determined in pot experiments by inoculating approximately 
25 full cysts (PJ) and assessing the number of newly developed cysts 
(Pj). Populations are classified as virulent or avirulent for a 
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differential if Pj/P.-values are respectively > 1 or < 1. This implies 
that populations of pathotypes c l a s s i f i e d as i d e n t i c a l do not 
necessarily have t he same r a t e s of m u l t i p l i c a t i o n on t h e s e 
differentials . Pf/Pj-values ranged from 1 to 67 on a susceptible clone 
and from 0 to 1 on a r e s i s t a n t clone (Kort et a l . , 1977). Pathotype 
classification using current schemes is therefore inadequate to 
describe the v i r u l e n c e c h a r a c t e r i s t i c s of a p o p u l a t i o n . To 
characterize populations properly, i t is recommended that estimates of 
the virulent phenotypes are also included (Bakker £t al . , 1988). 
Multiplication r a t e s alone on a d i f f e r e n t i a l clone are not an 
appropriate measure for the level of virulence in a population. Vc/Vi-
values are density dependent and influenced by differences in hatching 
(Forrest & Phi l l ips , 1984; Rawsthorne & Brodie, 1986). A more accurate 
approach to es t imate the frequencies of v i r u l e n t genotypes is to 
express the Pj/P^ on a d i f f e r e n t i a l as a percentage of the Pf/Pj on a 
general susceptible host. Unfortunately, near-isogenic lines with and 
without genes for r e s i s t ance do not e x i s t , implying tha t r a t e s of 
multiplication are also influenced by genes other than those for 
resistance. Dale and P h i l l i p s (1985), for i n s t a n c e , r e p o r t e d 
variations in degree of s u s c e p t i b i l i t y in c u l t i v a r s of Solanum 
tuberosum ssp. tuberosum. These va r i a t i ons may be the r e s u l t of 
factors such as differences between clones in morphology of root 
systems, production of hatching agents or other secondary plant 
metabolites. In view of these considera t ions i t i s evident that 
percentages are not ideal measures for the number of v i ru l en t 
genotypes in a population because these genotypes may mul t ip ly at 
different r a t e s on a d i f f e r e n t i a l and suscep t ib le clone. Moreover 
Pf/Pj-values are extremely sens i t i ve to environmental fac tors and 
often r e s u l t in large va r i a t ion between and within experiments 
(Phill ips, 1985). 
Problems associa ted with pot experiments and the lack of near-
isogenic potato l ines can be minimized with the method developed by 
Mugniery and Person (1976) by rear ing cysts on roots of sprouts in 
Petri dishes. This method offers be t t e r oppor tun i t i e s to control 
environmental condi t ions , excludes va r i a t ions in fac to rs such as 
differences in r a t e s of roo t growth and h a t c h i n g , and a l lows 
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standardization of inoculum densities per root tip. 
In this report we evaluated the merits of the method of Mugniery and 
Person (1976) in estimating the number of virulent phenotypes in 
populations of pathotypes and compared these figures with results 
obtained from pot experiments. 
Materials and methods 
Experiments were carried out on roots of potato cultivars on water 
agar in Petri dishes and in pot experiments. Techniques for Petri dish 
experiments were those of Mugniery and Person (1976) and Mugniery 
(1982a). Experiments in pots were done in 700 ml clay pots with a 
loamy sandy soil in a controlled environment with 16 h light and at 18 
*C. The inoculum density was 25 cysts per pot unless otherwise stated. 
The differential clones Solanum tuberosum ssp. tuberosum L., S. 
tuberosum ssp. andigena Juz. and Buk., S^ vernei Bittm. and Wittm. 
hybrid 58.1642/4 and S.vernei hybrid 62.33.3 (Kort et al., 1977) were 
replaced by the commercially available cultivars 'Eigenheimer', 
'Saturna', 'Mara' and 'Darwina' respectively. 
Population Roc-Harmerz (Ror-H) and Pao-Frenswegen were supplied by 
Dr. H.J. Rumpenhorst, Muenster, FRG, population Pa2~HPLi by Ir. A. 
Mulder, Hilbrands Laboratorium, Assen, the Netherlands, and other 
populations by Ir. C. Miller, Plant Protection Service, Wageningen, 
the Netherlands. Pathotype designation and codes refer to the original 
collections. 
To ensure representative samples of the populations, as a standard, 
100 cysts of a population were used for hatching. Normal and 
artificial hatching of the larvae (Janssen et al., 1987) was carried 
out with root diffusate obtained from S^ tuberosum ssp. tuberosum 
cultivar 'Bintje'. 
In Petri dish experiments virulent phenotypes in populations of 
pathotypes were calculated by expressing the number of females that 
developed on a differential clone as a percentage of females that 
developed on a susceptible clone. In pot experiments estimates of 
virulent phenotypes were expressed as the multiplication rates on a 
differential clone relative to the Pf/P^ on a susceptible clone. 
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Four sets of experiments were carried out: 
Experiment 1 -Petri dish/cultivar 'Eigenheimer'/Ro^-Mierenbos. Five 
replicates (200 larvae/replicate); inoculum density: one to ten 
larvae/root tip. 
Experiment 2 -Petri dish/ cultivar 'Eigenheimer'/Roc-Harmerz and 
cultivar 'Saturna' /ROJ-C^-JJ. Five to eleven replicates; inoculum 
density: two larvae/root tip; inoculum size: 25 to 500 root tips. 
Experiment 3 -Petri dish/cultivar 'Eigenheimer' and cultivar 
'Saturna'/five Roo populations. Ten replicates; inoculum density: 
two larvae/root tip; inoculum size: 50 and 75 root tips for 
respectively cultivar 'Eigenheimer' and cultivar 'Saturna'. 
-Pots/ cultivar 'Eigenheimer' and cultivar 'Saturna'/five R03 
populations. Ten replicates; inoculum: 25 cysts/pot of 700 ml. 
Experiment 4 -Petri dish/cultivars 'Saturna', 'Mara' and 
'Darwina'/three G^ rostochlensis and three G_;_ pallida populations. 
Inoculum density: two larvae/root tip; inoculum size: 100 and 500 
root tips for respectively susceptible and resistant combinations. 
-Pots/cultivar 'Saturna' and cultivar 'Darwina'/Ro^-Mierenbos. Ten 
replicates; inoculum: 250 cysts/pot of 1.5 1. 
Results 
Inoculum density (experiment 1) and inoculum size (experiment 2) 
Numbers of larvae inoculated per root tip were negatively correlated 
with those that developed into females (Table 1). When only one larva 
was inoculated per root tip 75% became female. Increasing the density 
to two or three larvae per root tip did not significantly affect the 
development into females. Upon inoculation with 5 or 10 larvae per 
root tip these percentages significantly dropped to 59% and 48% 
respectively. Inoculation with one larva per root tip would be optimal 
for estimating percentage of virulent phenotypes in populations of 
pathotypes, but is laborious. Therefore, as a standard we inoculated 
two larvae per root tip. Increasing the number of root tips inoculated 
per replicate (inoculum size) decreases the standard deviation and 
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Table 1. Decrease of the numbers of females of Ro^-Mierenbos on the 
susceptible cultivar 'Eigenheimer' by increasing the inoculation 
density per root tip . 
Inoculation density Number of root Percentage of SD 
per root tip tips inoculated females 
1 
2 
3 
5 
10 
200 
100 
67 
40 
20 
75 a2 
72 a 
70 a 
59 b 
49 c 
4.2 
3.0 
3.1 
2.5 
3.0 
Five replicates per treatment. 
Figures bearing the same letter are not significantly different (5% 
level). 
Table 2. Decrease of the standard deviations by increasing the numbers 
of inoculated root tips in two combinations: Roc-Harmerz on cultivar 
'Eigenheimer' and Roß-Cj^j on cultivar 'Saturna'. In these 
combinations 69.8% and 3.0% of the larvae developed into females 
respectively 1 
Number of 
root tips 
inoculated 
25 
50 
100 
300 
500 
Number of 
replicates 
11 
10 
8 
5 
5 
Roc-Harmerz 
Eigenheimer 
SD 
6.6 
3.5 
2.9 
2 
2 
Roo~C-i o o 
Saturna 
SD 
2 
0,84 
2 
0.62 
0.39 
Two larvae were inoculated per root tip. 
Experiments not carried out. 
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favours the accuracy of the test (Table 2). The values of the standard 
deviations are in accordance with those obtained from the binomial 
d is t r ibut ion. 
The accuracy of the calculated frequencies of virulent phenotypes 
is i l l u s t r a t e d with the low standard deviat ions (SD), ranging from 
0.23 to 1.63, obtained with five populations of pathotype Roo on 
cultivar 'Saturna ' (Table 3). 
Comparison of Petri dish and pot experiments in assessing percentage 
of virulent phenotypes (experiment 3) 
Table 3 also compares the accuracy of the method of Mugniery and 
Person with pot tes ts in estimating numbers of virulent phenotypes in 
five p o p u l a t i o n s of pa tho type Roo. The es t imates of v i ru len t 
phenotypes with the Petr i dish are consistently higher than those from 
Table 3. Frac t ion of v i r u l e n t phenotypes (vp) with SD and CV of f ive 
ROj-populations for c u l t i v a r 'Saturna' ca lcula ted as percentages of 
the number of females tha t developed on the suscep t ib le c u l t i v a r 
'Eigenheimer'. 
Roo-populations 
Petri dish 
experiment 
Pot experiment 
vp 
SD 
CV% 
vp 
SD 
CV% 
C129 
30.192 
1.51 
5.00 
8.09 
4.75 
58.71 
C176 
1.542 
0.23 
14.94 
1.35 
0.98 
72.79 
C150 
14.562 
1.21 
8.31 
10.46 
4.92 
47.04 
C156 
23.442 
1.51 
6.44 
9.97 
2.87 
28.79 
c163 
27.792 
1.63 
5.87 
13.06 
6.48 
49.61 
10 repl icates . 
Inoculum s i ze of 50 root t i p s for cu l t i va r 'Eigenheimer' and 75 
for cult ivar 'Saturna'; two larvae inoculated per root t ip . 
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pot experiments. The standard deviations are low in experiments in 
Petri dishes and higher in pot experiments. Similarly the coefficients 
of variation calculated from Petri dish experiments are low ranging 
from 5.00 to 14.94, and are considerably higher in pot experiments 
varying from 28.79 to 72.79. 
Frequencies of virulent phenotypes of populations of pathotypes 
(experiment 4) 
A number of populations of pathotypes were screened for their 
frequencies of virulent phenotypes on three differentials using the 
Petri dish method and inoculating two larvae per root tip (Table 4). 
The number of virulent phenotypes for the differential clones vary per 
Table 4. Fractions of virulent phenotypes on three differentials in 
six populations of pathotypes calculated as percentages of the number 
of females that developed on the susceptible cultivar 'Eigenheimer'. 
The SD is given in brackets. 
Pathotype 
population 
Roi-Mierenbos 
Roo^C-i « 
Roc-Harmerz 
Paj-HPLj 
Pa3-E1202 
Pa^-Frenswegen 
Differentials 
(Cultivars) 
S.tuberosum ssp. S.vernei hybr. S.vernei hybr. 
andigena 58.1642/4 62.33.3 
('Saturna') ('Mara') ('Darwina') 
5.0 (0.4) 
84.6 (3.7) 
102.9 (5.1) 
100.0 (5.4) 
2 
0.24 (0.04) 
0.5 (0.1 ) 
68.5 (3.4 ) 
64.3 (3.2 ) 
101.9 (4.9 ) 
2 
15.9 (1.7) 
1.5 (0.1) 
6.7 (0.7) 
5.7 (0.6) 
Percentages of virulent phenotypes according to pot tests < 0.10. 
2 
Experiments not carried out. 
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population. For example, populat ions Rog-Cj^ , Roc-H, Pa2-HPLi and 
P*3-E1202 ( a l l four of pathotypes able to overcome the r e s i s t ance of 
the gene H^  from S. tuberosum ssp. andigena (Toxopeus & Huijsman, 
1953) in cultivar 'Saturna' d i f fer considerably in the i r frequencies 
of v i ru l en t phenotypes. Population Roo-C^-jj has only 5% v i ru l en t 
phenotypes whereas these percentages range from 84 to 100 in the other 
populations t e s t e d . 
Population Ro^-Mierenbos has very low frequencies of v i ru len t 
phenotypes. Only 0.2A % i s able to develop on the d i f f e r e n t i a l S. 
vernei 58 .1642/4 . In our P e t r i d i s h e x p e r i m e n t s , no v i r u l e n t 
phenotypes could be detected for the d i f f e r e n t i a l s S. tuberosum ssp. 
andigena and S. vernei 62.33.3. However, in a pot experiment car r ied 
out in 10 r e p l i c a t e s with an inoculum size of at l eas t 250 cys ts per 
1.5 1 pot a few females developed, ind ica t ing that frequencies of 
virulent phenotypes for both differentials are less than 0.1 %. 
The different ial S. vernei 62.33.3 completely blocks the development 
of individuals of population Roj-Cjo^ as no cysts were found in Petri 
dish or pot t e s t s . 
Discussion 
The method of Mugniery and Person (1976) has several advantages 
compared to pot tes ts or experiments in closed containers (Foot, 1977; 
Phill ips e_t^  a l . , 1980) in e s t i m a t i n g v i r u l e n t phenotypes in 
populations. P e t r i d i sh expe r imen t s a l low b e t t e r c o n t r o l l e d 
environmental cond i t ions , s tandard iza t ion of inoculum d e n s i t i e s per 
root t i p and they circumvent di f ferences in hatching (Forrest & 
Phi l l ips , 1984; Rawsthorne & Brodie, 1986) and morphology of root 
systems. 
The accuracy of the Petri dish method is clearly demonstrated by the 
low standard deviation and coefficients of variation (Table 2, 3). On 
the basis of standard deviations we used 100 root t ips (200 larvae) in 
susceptible and 500 root tips (1000 larvae) in resis tant combinations. 
In assessments of extremely low numbers of virulent phenotypes, more 
root tips have to be inoculated in resistant combinations (e.g. Table 
4) . 
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The observation that the R03 population scored considerably lower 
when tested in pot experiments than in Petri dishes (Table 3) is 
probably due to the differences in the root systems in pots. The root 
system of the cultivar 'Saturna' with the H, resistance gene was 
consistently less developed than that of the susceptible cultivar 
'Eigenheimer'. This disparity may differentially affect multiplication 
rates by factors not related to the Hi gene such as hatching, host 
finding or inoculum densities per root tip. These effects are 
evidently neutralized in Petri dish experiments. Therefore, figures 
obtained from Petri dish experiments are a more accurate estimate of 
the virulent genotypes. For that reason the advantages of the Petri 
dish method also makes it a reliable tool for analyzing fitness 
expressions in subsequent generations. 
Increasing the number of larvae per root tip significantly decreases 
the production of females (Table 1). These observations confirm those 
of Mugniery and Fayet (1981) and give support to the idea that sex 
determination in potato cyst nematodes is epigenetic and influenced by 
factors such as competition or physiological conditions (Trudgill, 
1967; Mugniery, 1982b, 1985; Mugniery & Fayet, 1981, 1984). Effects of 
epigenetic factors on the assessments of virulent phenotypes in 
populations of pathotypes were minimized by inoculating two larvae per 
root tip and by selecting uniform root tips. The numbers of females 
that developed on cultivar 'Eigenheimer' were in accordance with the 
maximum female production obtained by Mugniery (1985). 
The estimates of virulent phenotypes in five R03 populations (Table 
3) illustrate the shortcomings of the international pathotype scheme 
of Kort et al. (1977). The percentages of virulent individuals in 
these populations showed marked variations. Although such results are 
expected from panmictic populations these interpopulational variations 
are often neglected. Until now the pathotype scheme was accepted as a 
proper classification in elucidating virulence and resistance 
mechanisms at the cellular and molecular levels (e.g. Bakker & 
Gommers, 1982; Fox & Atkinson, 1984; Greet & Firth, 1977; Ohms & 
Heinicke, 1985; Stegemann et al., 1982; Wharton et al., 1983). For 
this reason much of the existing information on pathotypes and 
resistance is unreliable and needs to be reevaluated (Triantaphyllou, 
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1987). 
Resistance in potato is mainly derived from S. tuberosum ssp. 
andigena and S_^_ vernei and is mediated by pathotype specific genes. 
Jones et al. (1967) suggested that the resistance conferred by the H, 
gene and virulence in the nematode are operating on the basis of a 
gene-for-gene relationship (Flor, 1956). For S^ vernei hybrids this 
suggestion can not be made, as yet, because of the polygenic nature of 
the resistance. Larvae that are able to develop into females on clones 
having the H^ gene are thought to be double récessives (aa) whilst 
those developing into males can have any genetic constitution (AA, Aa 
or aa). A major difficulty is to relate the virulent phenotypes in 
populations to the number of virulent genotypes. Virulent phenotypes 
are calculated from Petri dish experiments by expressing the number of 
females that appeared on the roots of the differential as a percentage 
of the numbers of females on the susceptible cultivar. This percentage 
is only an appropriate measure for the number of virulent genotypes if 
genes other than the H^ gene do not affect the development of double 
recessive larvae i.e. the fraction of virulent individuals that 
develops on the differential is the same as on the susceptible clone. 
The correctness of this approach can be proven in two ways. First by 
developing lines with 100 % double recessive individuals. In this case 
the numbers of females that develop on a H^ resistant clone can be 
used as a reference to calculate virulent phenotypes instead of those 
that developed on a susceptible clone. The alternative is the 
production of near-is"ogenic lines with and without the Hi gene and to 
use - as was done in this study - the susceptible combination as 
reference. 
Research on biochemistry and physiology of host parasite interaction 
would benefit from the availability of nematode populations with 100 % 
virulent individuals on one hand and with 0 % virulent individuals on 
the other. As shown in Table 3 and Table 4 this condition is not 
matched with either of the two species. Only G^ _ pallida population 
Pa2_HPL^ and Pa3-E2io2 s e e m t 0 D e fixed for certain virulence alleles 
but no G^ pallida populations are available which are fixed for the 
corresponding avirulence alleles. These data demonstrate the need for 
lines of potato cyst nematodes with 100 % (a)virulence for a given 
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gene for resistance or resistance complex. Future research is aimed at 
the selection of lines with defined genetic constitution by controlled 
single matings in Petri dishes. 
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CHAPTER III 
SELECTION OF LINES OF GLOBODERA ROSTOCHIENSIS VIRULENT AND AVIRULENT 
TO THE Hx RESISTANCE GENE IN SOLANUM TUBEROSUM SSP. ANDIGENA CPC 1673 
R. Janssen, J. Bakker and F.J. Gommers 
Department of Nematology, Agricultural University, 10 Binnenhaven, 
6709 PD Wageningen, the Netherlands. 
Abstract 
Virulent and avirulent lines of Globodera rostochiensis for the Hi 
resistance gene in Solanum tuberosum ssp. andigena CPC 1673 were 
obtained with controlled single matings. The selection of virulent and 
avirulent lines was less straightforward than expected from the gene-
for-gene theory. First, the number of lines with intermediate levels 
of virulence was larger than expected and, second, in many of these 
lines the levels of virulence did not agree with the genetic 
interpretation according to the theory. 
Introduction 
In the international pathotype scheme the pathotypes of Globodera 
rostochiensis (Ro^-Roj) and Globodera pallida (Pa^-Pa-j) are delineated 
by their reproduction pattern on sets of differentials (Canto Saenz & 
de Scurrah, 1977; Kort et al., 1977). The pathotypes were already 
present in Europe before resistant cultivars were grown. Variations in 
virulence are predominantly the result of four processes: 1) the 
genetic structures of the initial populations introduced from South 
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America, 2) random genetic drift and 3) gene flow (Bakker, 1987). 
Since the late sixties the frequencies of alleles for virulence have 
also been affected by selection caused by the cultivation of resistant 
potato cultivars. 
Estimates of the virulent phenotypes indicated that these four 
processes have not led to field populations fixed for avirulence or 
virulence alleles for the H, resistance gene of S_^  tuberosum ssp. 
andigena CPC 1673 (Janssen e£ al., 1990a). The lack of such 
monomorphic populations hampers research aimed at unravelling the 
genetics of virulence. 
Earlier genetic research (Parrott ,1981) to verify the theory of a 
gene-for-gene relationship (Howard, 1959; Jones & Parrott, 1965) did 
not result in conclusive data because the levels of virulence of the 
lines used had not been clearly defined. Initiatives to breed the 
appropriate virulent and avirulent lines have been discouraged by the 
laboriousness of the genetic analysis, the absence of an accurate test 
to assess levels of virulence, and unreliable techniques for 
controlled matings. We solved these difficulties by circumventing the 
diapause (Janssen et al., 1987) and by rearing females and cysts on 
roots of sprouts grown on agar plates (Janssen et al., 1990a; Mugniery 
and Person, 1976). With these techniques we were able to breed lines 
of G_;_ rostochiensis either completely avirulent or highly virulent to 
host genotypes carrying the Hj^  resistance gene. 
Materials and methods 
The population Roi-Mierenbos was used to select avirulent lines and 
the populations Roy-Cj^j, Ro3-C^2o and Roc-Harmerz were used to select 
virulent lines. The populations were supplied by the Plant Protection 
Service, Wageningen, the Netherlands, except for Roc-Harmerz which was 
obtained from Dr. H.J. Rumpenhorst, Münster, FRG. The cultivar 
'Eigenheimer' was used as the universal susceptible clone. The 
differential Solanum tuberosum ssp. andigena CPC 1673 with the H^ 
resistance gene was represented by the cultivar 'Saturna'. 
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Selection of virulent lines 
Virulent lines for the H, gene were selected as follows. Adult females 
for controlled matings were reared in Petri dishes (9 4 cm) on roots 
of sprouts of cultivar 'Saturna' grown on water agar according to the 
method of Mugniery and Person (1976) and Mugniery (1982). To prevent 
inbreeding, only one larva per Petri dish was inoculated. Females were 
fertilized by placing the male on top of the gelatinous matrix of the 
female. Since it is generally accepted that resistance has no 
selective influence on the development of larvae into males (Jones et 
al., 1967), populations were in all cases reared on cultivar 
'Eigenheimer' grown in pots to secure sufficient numbers of males. 
These single crosses (F^) were multiplied, full-sib mating, by 
inoculating one cyst per pot on cultivar 'Saturna' after artificial 
hatching (Janssen et al., 1987). Cysts were cut in halves and these 
halved cysts were inoculated by pouring the larvae (I^) suspension in 
preformed holes in the soil when the plants were approximately 15 cm 
tall. Multiplication of the F2 and Fj progeny (lines) on cultivar 
'Saturna' was done in a similar way by inoculating larval suspensions 
from 10 cysts or less per pot. The number of virulent phenotypes in 
the Fo or F* was estimated by expressing the number of females that 
developed on the resistant cultivar 'Saturna' as a percentage of those 
that developed on the susceptible cultivar 'Eigenheimer'. These 
virulence tests were carried out in Petri dishes by inoculating two 
second stage L2 per root tip (Janssen et al., 1990a). Two hundred L2 
were inoculated on each cultivar. To guarantee a random sample of I<2( 
100 cysts were used for hatching. When less than 100 cysts were 
available for testing, the Fj line was multiplied once more on 
cultivar 'Saturna'. The whole procedure was completed within an 
average period of 15 months: one generation in Petri dishes, three 
generations in pots, and the virulence test in Petri dishes again. 
Selection of avirulent lines 
The procedure for the selection of lines avirulent to the Hi gene was 
similar, except that for all generations, the susceptible cultivar 
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'Eigenheimer' was used. Testing for virulence to cultivar 'Saturna' 
was carried out in pots (700 ml) instead of Petri dishes because of 
the higher detection level for low virulence frequencies in pots. 
Virulence levels were calculated by expressing the number of females 
that developed on cultivar 'Saturna' as a percentage of those that 
developed on cultivar 'Eigenheimer'. Due to the limited number of 
cysts, the inoculation density was not the same for the susceptible 
(PJ=10 cysts) and the resistent cultivar (P.,=40 cysts). This 
methodology resulted in an overestimation of the number of virulent 
phenotypes. 
To study the virulence levels in the progeny of single male-female 
matings a sufficient number of cysts are required. For a monogenic 
inheritance of virulence as described by Jones et al. (1967) with 
three possible genotypes (AA, Aa, and aa), with the virulent 
genotype (aa) being present in 2% of the individuals and the 
population being in Hardy-Weinberg equilibrium, the frequency of the a 
allele (q) is 14% and of the A allele (p) 86%. This results in 24% and 
74% of the Aa and AA genotype, respectively. The fraction of cysts 
with aa larvae will be (0.24 + 0.02)2 = 0.07 and the fraction without 
aa larvae 0.93. The presence of virulent larvae in the hatching sample 
is assured when 40 cysts are taken since the chance of cysts without 
aa larvae is less than 5%. In this study we always used 40 or more 
cysts. 
All pot experiments were carried out in clay pots (700 ml) with loamy 
sandy soil and a slow release N-P-K granulate fertilizer (Osmocote R) 
in a controlled environment room at 18 'C with 16 h light. Petri 
dishes covered with black plastic were stored under the same 
conditions. 
To optimalize the recovery of wet cysts from wet soil, a Kort 
elutriator (Kort, 1960) was used at the maximum water stream of 4.5 
1/min, and a special sieve (pore size 0.30 x 3.65 mm) was used to 
collect the cysts. For all experiments, males were reared in pots on 
the susceptible cultivar 'Eigenheimer' and recovered from the soil 
with an Oostenbrink elutriator (Oostenbrink, 1960). 
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Results 
Selection of lines virulent to the H^ gene 
Population ROJ-C^-JJ and R°3~Ci29 had low levels of virulence. The 
virulence level was enhanced by rearing these populations on cultivar 
'Saturna' in pots for several generations. After four generations the 
percentage of virulent phenotypes of population ROJ-CJJO increased 
from 30.1% to 50.8%. Controlled single crossings in Petri dishes 
resulted in 19 fertilized Fi cysts. Unfortunately only one cyst 
multiplied to a Fy containing 18 cysts; this was insufficient for a 
virulence test and these cysts were not used in further experiments. 
With the Ro-j-Cjjß population having 1.4% virulent phenotypes we were 
unable to select lines virulent to the Hi gene because the population 
died out after three generations of multiplication in pots. 
Table 1. Fraction of virulent phenotypes (vp%) of F 3 and F 4 R05-
Harmerz lines on cultivar 'Saturna', calculated as percentages of the 
number of females that developed on the susceptible cultivar 
'Eigenheimer'. 
line no 
7* 8 19 22* 23 34 47 52 
vp% 93.1 b 91.7 be 87.0 c 77.8 d 100.2 a —-1 - 1 94.0 b - 1 
F3 lines 
Virulence test not carried out 
Lines with the same letter are not significantly different (P < 0.05) 
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Population Ro^-Harmerz proved to be suitable for the selection of 
virulent lines. The initial number of virulent phenotypes in this 
population was 84.6 % (Janssen et al., 1990a). Inoculation of 579 root 
tips of the resistant cultivar 'Saturna' resulted in the development 
of 252 females. Mating these virgins with single males resulted in 164 
fertilized females. Of these F^-cysts 87.4% were found to reproduce on 
the cultivar 'Saturna' in pots. Nine F 9 lines were selected for 
multiplication. To obtain sufficient cysts for virulence tests seven 
of the nine F^ lines were multiplied once more on the cultivar 
'Saturna'. In the virulence tests one line (no.22) showed a percentage 
of virulent phenotypes of approximately 100% (Table 1). 
Production of lines avirulent to the H^ gene 
Population Ro^-Mierenbos was chosen because the initial number of 
virulent phenotypes in that population was low (<0.1%) (Janssen et 
al., 1990a). Inoculating 585 root tips with one larva each resulted in 
the development of 416 females of which 72.4% were sucessfully 
fertilized. Eighty-six F^ cysts were multiplied in pots on cultivar 
'Eigenheimer', and we obtained 65 Fj-lines. Nineteen lines were 
tested. Eleven lines produced no cysts on cultivar 'Saturna' (Table 
2). Six of these eleven avirulent lines were tested again on cultivar 
'Saturna', and only two of these lines produced no cysts in the second 
test (Table 3). 
Table 2. Fraction of virulent phenotypes (vp%) of F o Ro^-Mierenbos 
lines for cultivar 'Saturna', calculated as percentages of the number 
of females that developed on the susceptible cultivar 'Eigenheimer'. 
line no 
1 6 8 11 12 14 15 16 17 18 19 22 24 27 42 44 51 52 58 
vp2 2.1 0 2.8 0 3.4 0 0 0 0.2 2.8 0 0.6 0 0 1.0 0 0.5 0 0 
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Table 3. Retest of 6 Rol-Mierenbos lines on virulent phenotypes (vp%) 
for cultivar 'Saturna'. 
line no 
vp % 
6 
0 
11 
0.03 
14 
0 
19 
0.12 
24 
0.04 
27 
0.08 
Discussion 
Jones et_ al. (1967) suggested that the gene-for-gene hypothesis is 
also applicable to Gj_ rostochiensis and Sj_ tuberosum ssp. andigena CPC 
1673, and that genes for virulence (a) and avirulence (A) were alleles 
of a single locus, avirulence being the dominant allele. They assumed 
that this interaction between alleles is confined to larvae developing 
into females. Males developing on cultivars having the H^ gene can 
have any genotype (AA, Aa, aa). If this hypothesis is correct the 
estimate of the fraction of virulent phenotypes corresponds with the 
number of homozygous recessive genotypes (aa). This also implies that 
the Fi cysts from population Roc-Harmerz able to reproduce on cultivar 
'Saturna' are the progeny of either an aa x aa or an aa x Aa cross. 
The first type of cross will result in lines with 100% virulent 
genotypes, the second cross, as can be calculated according to Jones 
et al. (1967), will result in F^ lines having 50% virulent genotypes, 
while the F2, F 3 and F4, produced on cultivar 'Saturna', will have 
virulence percentages of 75, 88 and 94, respectively. Not all our data 
match these calculations. The percentages of virulent phenotypes 
(Table 1) in line 4, 7 and 47, presumed to be derived from an aa x Aa 
cross, and line 22, from an aa x aa cross, fit the calculated 
expectations, whereas the percentages of virulent phenotypes in line 8 
and 19 are significantly lower than the expected 94%. 
Conclusive evidence that the percentage of virulent genotypes in 
line 22 is 100 indeed cannot be inferred from our data. Since no near-
isogenic lines with and without resistance are available, the 
estimates of the percentage of virulent phenotypes are influenced by 
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the choice of the potato cultivars because these were made by 
expressing the number of females that developed on the resistant 
cultivar relative to the number on the susceptible cultivar. In a 
parallel report (Janssen et al., 1990b) we showed, that line 22 is, 
indeed, homozygous for virulence. 
Another disparity with the gene-for-gene theory as proposed by Jones 
et al. (1967), is that the number of lines having a virulence 
percentage of 100 is relatively low (Table 1). From the initial 
frequencies of the virulent phenotypes in population Roc-Harmerz, it 
is expected that 84.6% of the Fj^  cysts able to reproduce on 'Saturna' 
were derived from an aa x aa cross and 14.6% of the F^ cysts from an 
aa x Aa cross. The results show that of the nine lines tested only one 
line had a virulence level of approximately 100% (line 22). 
Statistically this outcome does not correspond with the expected 
percentage. From the Jones' theory, the chance of such a result is 
less than 5%. The results of attempts to select virulent lines from 
Roj-Cjo-j and Roj-Cj^g are puzzling too. For example, the virulence 
percentages in population Roß-C-^g increased after four generations of 
multiplication on cultivar 'Saturna' from 30.1% to 50.8%, whereas an 
increase to 94.4% was expected. 
Comparable contradictions with the gene-for-gene theory are also 
observed with the selection of avirulent lines from Ro^-Mierenbos. 
First, only 57.9% of the lines produced no cysts on cultivar 'Saturna' 
(Table 2). Retesting 6 F3 lines showed that this percentage was 
actually lower (Table 3). As can be calculated from the initial number 
of virulent phenotypes in population Roj-Mierenbos, the expected 
percentage of avirulent lines was 87.9%. Second, the lines producing 
cysts on cultivar 'Saturna' had virulence percentages ranging from 
0.03 to 3.4 (Table 2 and 3), values too low to be explained by Jones' 
theory. According to the theory the lowest intermediate virulence 
percentage is 6, for lines derived from an AA x Aa cross. A possible 
explanation for the low virulence percentages observed, not in 
contradiction with Jones' theory, is that these lines are derived from 
an AA x AA cross and that the resistance mechanism conferred by the H, 
gene is not absolute. Definite proof that the females developed on 
cultivar Saturna are escapers and indeed avirulent (AA) can only be 
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obtained by crossing with double recessive males and by studying the 
virulence characteristics of the progenies. 
Several studies have been aimed at studying the genetics of 
virulence towards the H, gene (Parrott & Berry, 1973; Parrott, 1981). 
Although no definitive proof was obtained for a gene-for-gene 
relationship, most of the data were in reasonable agreement with the 
calculated values (Jones et al., 1981). However, our data show that 
the selection of virulent and avirulent lines is less straightforward 
than expected from a gene-for-gene relationship. Evidently our data do 
not exclude such a relationship. Conclusive evidence to accept or 
reject the hypothesis can only be obtained by making crosses of the 
virulent and avirulent lines and studying the Mendelian behaviour of 
the virulence characters. 
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CHAPTER IV 
MENDELIAN PROOF FOR Â GENE-FOR-GENE RELATIONSHIP BETWEEN VIRULENCE OF 
GLOBODERA ROSTOCHIENSIS AND THE Hj RESISTANCE GENE IN SOLANUM 
TUBEROSUM SSP. ANDIGENA CPC 1673 
R. Janssen, J. Bakker and F.J. Gommers 
Department of Nematology, Agricultural University, 10 Binnenhaven, 
6709 PD Wageningen, The Netherlands 
Abstract 
A virulent and an avirulent inbred line of G^ rostochiensis were 
crossed to determine the genetics of virulence to the resistance gene 
Hi of Solanum tuberosum ssp. andigena CPC 1673. The 3:1 segregation in 
avirulent and virulent larvae of the Fj generation, obtained by 
selfing the F^, showed that virulence to the H^ gene is controlled by 
a single major recessive gene. The virulence percentages of the F^ 
generations agreed with this finding. Reciprocal crosses showed no 
evidence of sex-linked inheritance of virulence. 
Introduction 
Breeding of potato varieties with resistance against potato cyst 
nematodes (e.g. Toxopeus & Huijsman, 1952, 1953; Huijsman, 1955) was 
initiated in the fifties with the discovery of the H^ resistance gene 
in Solanum tuberosum ssp. andigena CPC 1673 by Ellenby (1952). The 
monogenetic inheritance resulted in successful breeding programmes 
which stimulated the search for more sources of resistance. Major 
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genes for resistance were identified in S^ multidissectum: H2 
(Dunnett, 1961), S^ tuberosum ssp. andigena CPC 2775: H3 (Howard et 
al., 1970), S_^_ kurtzianum: A,B (Huijsman, 1960) and S. spegazzinii: 
Fa.Fb (Ross, 1962). Resistance in S^ vernei (e.g. Goffart & Ross, 
1954; Huijsman, 1974; Huijsman & Lamberts, 1972; Kort et al., 1972; 
Ross, 1969), S. spegazzinii and S. oplocense (Ross, 1972) seemed to be 
caused by a complex of major and minor genes. A number of these 
sources of resistance, including S. vernei, are used in the 
international pathotype test assortment. With this assortment, five 
pathotypes of G^ rostochiensis and three pathotypes of G. pallida can 
be recognized on basis of multiplication rates (Kort et al., 1977). 
The variations in the virulence spectra of potato cyst nematode 
populations show similarities with host-parasite systems in which 
resistance and virulence operate in a gene-for-gene relationship. 
Howard (1959) and Jones & Parrott (1965) suggested that, similar to 
the relationship in Linum usitatissimum-Melampsora lini (Flor, 1956), 
the interaction between Gj_ rostochiensis and the Hi gene of S. 
tuberosum ssp. andigena CPC 1673 is controlled by a gene-for-gene 
mechanism. Females developing on a resistant clone are thought to be 
homozygous recessive; males can have any genetic constitution: AA, Aa 
or aa (Jones et al., 1967). Studies supporting this hypothesis 
(Parrott & Berry, 1974; Parrott, 1981), lacked the experimental and 
numerical base necessary for a formal proof according to Flor's 
criterion (Sidhu, 1975). They were based on mass matings between 
groups of males and females from field populations. The exact numbers 
of virulent individuals in these populations were unknown, sib matings 
may have occurred, and the testing of the relative numbers of female 
progeny on hosts with and without resistance was subject to large 
errors (Jones et al., 1981). 
In this study we have avoided the difficulties associated with 
genetic studies on potato cyst nematodes by using inbred lines 
(Janssen et al., 1990b), controlled single matings and an improved 
technique to assess the number of virulent phenotypes in the progenies 
(Janssen et al., 1990a). 
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Materials and methods 
Analyses of inheritance of virulence in G^ _ rostochiensis against the 
resistance Hj^  gene of S. tuberosum ssp. andigena CPC 1673 were carried 
out with the avirulent line Ro^-19 and the virulent line Ror-22 
(Janssen et al., 1990b), on the susceptible cultivar 'Eigenheimer' and 
the resistant cultivar 'Saturna'. Experiments were carried out in 
Petri dishes and pots, in a controlled environment room at 18 *C and 
16 h light. 
Reciprocal crosses (Roj-22 * Ro^-19) were made by placing a male on 
the gelatinous matrix of a female. This was done each time on separate 
Petri dishes to ensure that the female was not fertilized by more than 
one male. Males of both lines were reared on cultivar 'Eigenheimer' in 
sandy loam in clay pots (700 ml), inoculated with 50 cysts, and 
harvested after about 30 days with an elutriator (Oostenbrink, 1960). 
Virgin females were obtained from potato roots grown on water agar 
(Mugniery & Person, 1976) inoculated with one larva per root tip per 
Petri dish. Females of Roi-19 and Roc-22 were reared on roots of the 
cultivars 'Eigenheimer' and 'Saturna' respectively. 
The virulence of the larvae from 30 F^ cysts of both crosses were 
tested in Petri dishes by inoculating 200 larvae (two per root tip), 
unless stated otherwise (Mugniery & Person, 1976; Janssen e_t al., 
1990a). Virulence is expressed as a percentage of the number of 
females that developed on the resistant cultivar relative to the 
number of females on the susceptible cultivar. 
Larvae of another 30 Fi cysts were selfed by inoculating cultivar 
'Eigenheimer' with larvae of one cyst per clay pot. Larvae were 
artificially hatched by cutting cysts in half before inoculation 
(Janssen et al., 1987). Newly formed cysts were recovered from the wet 
soil with an elutriator (Kort, .1960), using a upstream of 4.5 1 min , 
and collected on a 0.30 x 3.65 mm pore sieve. Nine F 2 lines per cross 
with more than 50 newly formed cysts were selected for virulence 
tests. Larvae were obtained by artificial hatching. 
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Results 
The virulence percentages of the parent lines Ro^-19 and Roc-22 and 
their reciprocal crosses are shown in Table 1. Roi-19 x Ror-22 is 
fully avirulent for the ti-^ resistance gene. Roj-22 x Roj-19 has a 
virulence level of 0.2%; out of the 600 inoculated larvae on the 
resistant cultivar 'Saturna' one cyst developed. 
Table 1. Virulence percentages of virulent phenotypes for the 
avirulent line Roj-19, the virulent line Ro5-22 and the Fj of their 
crosses on cultivar 'Saturna' 
Parents and F^ Virulence percentages 
P Ro1-19 
FL Roj-19 o x Ro5-22 ê 
Fx Ro5-22 o x Roj-19 i 
P Ro5-22 
0 
0 
0.2 
100.2 
a 
a 
a) 600 larvae (two larvae per root tip) on cultivar 'Saturna' 
The numbers of newly formed cysts per clay pot after inoculation 
with one F^ cyst are shown in table 2. The multiplication rates varied 
from 1 to 251. Thirty six percent of the Fi cysts produced more than 
50 new cysts and only 8% less than 10. Line S8 produced 911 new cysts, 
an unexpected and extremely large number which may have resulted from 
the development of a second generation in this pot due to crushed 
cysts after an inspection of the root ball. This line was omitted from 
the experiment. 
Eighteen of the fn Hues with 50 cysts or more were considered for a 
virulence test but only eight lines of the cross Ro^-19 x Roc-22 (E 
numbers) and seven lines of the cross Roc-22 x Roi-19 (S numbers) 
produced more than 400 larvae, the minimum number needed for the 
virulence test (Table 3). One F2 line did not hatch at all and two 
other lines gave only 27 and 158 larvae. 
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Table 2. Numbers of newly formed cysts (F2) after inoculation of one 
Fi cyst per clay pot on cultivar 'Eigenheimer'. E lines: cross 
Ro x-19 o x R05-22 (ƒ; S lines: cross Ro5~22 o x Roj-19 ê 
Line 
El 
E2 
E3 
E4 
E5 
E6 
E7 
E8 
E9 
E10 
Sum 
X 
a 
Cysts 
22 
74 
8 
1 
25 
62 
59 
45 
45 
62 
Line 
Ell 
E12 
E13 
E14 
E15 
E16 
E17 
E18 
E19 
E20 
Cysts 
27 
10 
26 
175 
7 
39 
97 
79 
38 
51 
Line 
E21 
E22 
E23 
E24 
E25 
E26 
E27 
E28 
E29 
E30 
Cysts 
40 
218 
114 
2 
17 
43 
64 
30 
36 
15 
1515 
51.0 
48.4 
Line 
SI 
S2 
S3 
S4 
S5 
S6 
S7 
S8 
S9 
S10 
Cysts 
38 
100 
59 
49 
30 
156 
114 
(911)a 
199 
251 
Line 
Sil 
S12 
S13 
S14 
S15 
S16 
S17 
S18 
S19 
S 20 
Cysts 
102 
48 
33 
18 
28 
57 
10 
36 
34 
28 
Line 
S21 
S22 
S23 
S24 
S25 
S26 
S27 
S28 
S29 
S30 
Cysts 
50 
45 
13 
14 
50 
46 
19 
57 
1 
135 
1816 
62.8 
58.8 
a) not included 
On the basis of the number of cysts developing on cultivar 
'Eigenheimer' relative to that number on cultivar 'Saturna', 
frequencies of virulent genotypes were calculated (Table 3). These 
frequencies in both crosses did not differ significantly (at the 95% 
confidence level) from the expected virulence frequency of 25% 
belonging to a 3:1 segregation for avirulence (AA and Aa) and 
virulence (aa). 
Assuming a monogenic basis of virulence, the relative frequencies of 
avirulent (AA and Aa) and virulent (aa) genotypes in the F2*s are 0.75 
and 0.25, respectively. The ratio of the numbers of cysts developing 
on cultivar 'Eigenheimer' versus the number developing on cultivar 
'Saturna' equals then 4 (AA + Aa + aa) : 1 (aa). Table 4 presents the 
Chi-square test. None of the individual lines showed significant 
deviations from the expected frequencies. Testing for heterogeneity 
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between lines within crosses, and between crosses revealed no 
heterogeneity between lines within either cross, but a significant 
difference was found comparing the pooled E and S lines. This 
difference resulted from constantly higher numbers of observed 
virulent genotypes in the S lines than expected on basis of the 
hypothesis. Though the deviation of the pooled S lines is significant, 
it is small as is confirmed by the absence of overall heterogeneity 
between lines. 
Table 3. Numbers of cysts of the F£ lines in the virulence tests 
formed on cultivar 'Saturna' and cultivar 'Eigenheimer', and the 
calculated virulence frequencies. E lines: cross Ro^-19 o x Ro^-22 o; 
S lines: cross Ro5-22 p x Roj-19 i 
X 
a 
Line 
no 
E2 
E6 
E14 
E17 
E18 
E22 
E23 
E27 
S2 
S6 
S7 
S9 
S10 
Sil 
S30 
Numbers of 
Eigenheimer 
110 
123 
143 
147 
140 
141 
138 
121 
116 
135 
136 
120 
143 
151 
138 
cysts formed on 
Saturna 
25 
31 
33 
36 
32 
28 
33 
34 
37 
36 
40 
37 
41 
42 
41 
Virulence 
frequencies 
22.7 
25.2 
23.1 
24.5 
22.9 
19.9 
23.9 
28.1 
31.9 
26.7 
29.4 
30.8 
28.7 
27.8 
29.7 
26.4 
3.5 
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Table 4. Segregation for virulence in the F 2 generation of the 
reciprocal crosses of an avirulent (Roi-19) and a virulent (Roc-22) 
line for cultivar 'Saturna' and the heterogeneity test; E lines: R01-
19 o x R05-22 i\ S lines: Ro5-22 0 x Roj-19 i 
Total E 
Total S 
Total E+S 
Line 
no 
E2 
E6 
E14 
E17 
E18 
E22 
E23 
E27 
S2 
S6 
S7 
S9 
S10 
Sil 
S30 
Heterogeneity 
avirulent 
observed 
110 
123 
143 
147 
140 
141 
138 
121 
1063 
116 
135 
136 
120 
143 
151 
138 
939 
2002 
test: 
expected 
108 
123.2 
140.8 
146.4 
137.6 
135.2 
136.8 
124 
1052 
122.4 
136.8 
140.8 
125.6 
147.2 
154.4 
143.2 
970.4 
2022.4 
Source 
Between 
Between 
E versus 
Total 
virulent 
observed 
25 
31 
33 
36 
32 
28 
33 
34 
252 
37 
36 
40 
37 
41 
42 
41 
274 
526 
E-lines 
S-lines 
S 
expected 
27 
30.8 
35.2 
36.6 
34.4 
33.8 
34.2 
31 
263 
30.6 
34.2 
35.2 
31.4 
36.8 
38.6 
35.8 
242.6 
505.6 
X2 
1.6648 
0.6957 
4.6264 
6.9869 
A 
for 4:1 
0.1852 
0.0016 
0.1719 
0.0123 
0.2093 
1.2441 
0.0526 
0.3629 
0.5751 
1.6732 
0.1184 
0.8182 
1.2484 
0.5992 
0.3744 
0.9441 
5.0802 
1.0289 
d.f. 
7 
6 
1 
14 
P-value 
0.50-0.70 
0.95-1.00 
0.50-0.70 
0.90-0.95 
0.50-0.70 
0.20-0.30 
0.80-0.90 
0.50-0.70 
0.30-0.50 
0.10-0.20 
0.70-0.80 
0.30-0.50 
0.20-0.30 
0.30-0.50 
0.50-0.70 
0.30-0.50 
0.01-0.05 
0.30-0.50 
P-value 
0.95-1.00 
0.95-1.00 
0.01-0.05 
0.90-0.95 
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Discussion 
Gene-for-gene r e l a t i onsh ip s have been suggested for a wide range of 
pathogens, including bacteria, fungi, viruses, insects, nematodes and 
plant parasit ic plants. However, the number of host-parasite systems 
for which Mendellan segregation patterns of both interacting partners 
have been analyzed, is relat ively small (Crute, 1985). A formal proof 
accordings to F lor ' s c r i t e r i o n (Sidhu, 1975) has been obtained for 
associations of only 15 fungi /p lants and one i n s e c t / p l a n t . In t h i s 
study we analyzed the segregation patterns of virulence in potato cyst 
nematodes for the H^  gene and showed that the gene-f or-gene concept 
applies to one of the potato cyst nematodes and i t s host. The 
avirulence of the F^ and the 3:1 segregation in the Fo demonstrates 
that v i ru lence i s inher i ted at a s ingle locus and i s recess ive to 
avirulence. As might be expected from the epigenic nature of the sex 
determination in potato cyst nematodes (Trudgi l l , 1967; Mugniery, 
1982, 1985; Mugniery & Fayet, 1981, 1984), the r ec ip roca l crosses 
revealed no sex-linked inheritance. 
The virulence percentage in the Fj^  of the Roj-22 (aa) x Ro^-19 (AA) 
cross showed a 0.2% deviat ion from the expected complete avi rulence 
(Table 1). This observation does not inva l ida te the gene-for-gene 
hypothesis. A plausible explanation for such a low virulence level may 
be, as discussed ear l ie r (Janssen et al . , 1990b), that the resistance 
mechanism conferred by the H^  gene i s not absolute. Arguments for 
heterozygosity in the Roi-19 l ine lack a numerical b a s i s . If one out 
of the 30 F^ cysts in the virulence tes t had been the result of a R05-
22 (aa) x Ro^-19 (Aa) cross, the virulence percentage should have been 
1.7. The absence of cys t s in the F^ of the rec iproca l cross fur ther 
supports the argument of escapers . Another explanation for t h i s 
deviation may be found in some kind of maternal effect operat ing in 
the Roc-22 l i n e , which also could explain the small but s i g n i f i c a n t 
difference from the 4:1 segregation of the pooled S l i ne s in the F2 
(Table 4). 
Person (1959) stated that genetic data for both interacting partners 
are not required in evaluating a possible gene-for-gene mechanism. His 
concept (Sidhu, 1975) is based on the pa t t e rn of i n t e r a c t i o n s 
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generated when several host v a r i e t i e s are inoculated with di f ferent 
cultures of the pathogen. The concept presupposes two a l t e r n a t i v e 
conditions of e x p r e s s i o n in the h o s t ( r e s i s t a n c e v e r s u s 
susceptibi l i ty) and the parasite (virulence versus avirulence). I t is 
tempting to ex t rapo la te th i s concept to the various sources of 
resistance agains t plant p a r a s i t i c nematodes. However, in plant 
parasi t ic nematodes with an amphimictic mode of reproduction isolates 
which a r e f ixed for v i r u l e n c e a l l e l e s a re ha rd ly a v a i l a b l e . 
Interaction pa t t e rns of e.g. potato cyst nematodes and the i r host 
often r e s u l t in an array of mu l t i p l i c a t i on r a t e s ranging from 0 to 
more than 60 (e.g. Kort et a l . , 1977) thus masking poss ib le gene-for-
gene relationships. However, regardless of these specific problems in 
amphimictic nematode species, Person's approach is less precise than 
Flor ' s cr i ter ion. In this report we have chosen the Mendelian approach 
to obtain a solid basis for tracing a gene for (a)virulence in potato 
cyst nematodes. 
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CHAPTER V 
THE EFFECT OF HETEROZYGOSITY FOR (A)VIRULENCE GENES ON THE DEVELOPMENT 
OF POTATO CYST NEMATODES 
R. Janssen, J. Bakker and F.J. Gommers 
Department of Nematology, Agricultural University, Binnenhaven 10, 
6709 PD Wageningen, The Netherlands. 
Abstract 
The genetic constitution of avirulent larvae (Aa and AA) of Globodera 
rostochiensis has no substantial influence on the development into 
adults on Solanum tuberosum ssp. andigena CPC 1673 containing the H-^  
resistance gene. None of the AA larvae and only 0.3% of the Aa larvae 
were able to develop into females. The H^ gene was only moderately 
effective against males. Both AA and Aa larvae were able to develop 
into males. The heterozygous males (Aa) had no real advantage over 
homozygous males (AA). 
Introduction 
A crucial process in the development of potato cyst nematodes is the 
induction and maintenance of a syncytium, which regulates the transfer 
of nutrients towards the nematode (e.g. Gommers, 1981; Zacheo, 1986). 
After the induction of a feeding site the second stage larva becomes 
sedentary and progresses through third and fourth developmental stages 
to adult. Sex differentation, which becomes visible in the third 
developmental stage, is epigenic and is mainly influenced by 
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nutritional factors (Janssen, et al., 1987; Trudgill, 1967; Mugniery, 
1982, 1985; Mugniery & Fayet, 1981, 1984). The imbalance of the adult 
sex ratio towards males in resistant plants (e.g. Turner & Stone, 
1984) is thought to result from the poor nutritional potential of the 
syncytia. In incompatible combinations the syncytia remain small and 
become surrounded by necrotic tissue, which limits the transport of 
nutrients from plant to nematode (Kühn, 1958; Huijsman et al., 1969; 
Rice et al., 1985). In contrast with males, females cannot develop 
because of their greater nutrional needs. 
Mendelian segregation patterns followed by the development of 
females on plants having the Hi resistance gene from Solanum tuberosum 
ssp. andigenum CPC 1673, showed that virulence in Globodera 
rostochiensis is inherited at a single locus and is recessive to 
avirulence (Janssen et al., 1990c). The resistance mechanism conferred 
by the H^ gene is not absolute and double dominant avirulent larvae 
(AA) incidentally develop into females. The underlying process is 
unclear and it is also unknown wether heterozygous larvae (Aa) have an 
advantage over double dominant larvae (AA) to escape from the 
resistance mechanism. Also the fate of the double dominant (AA) and 
the heterozygous larvae (Aa) has never been subjected to detailed 
analyses. It was hypothesized that both genotypes are able to develop 
into males on the resistant plant and that the heterozygous genotype 
has no selective advantage over the double dominant genotype (Jones et 
al., 1967). 
In this study we analysed the effects of the genetic constitution of 
avirulent genotypes (Aa and AA) on the development of larvae into 
adults on plants having the H^ resistance gene. 
Material and methods 
Air-dried cysts of the avirulent line Roj-19 and the virulent line 
Roc-22 (Janssen et_ al., 1990b) were pre-soaked in tap water and after 
one week the larvae were hatched with root diffusate of the cultivar 
Bintje. Newly formed fresh F^ cysts were artificially hatched (Janssen 
et al., 1987). 
Roots of sprouts of tuber segments of the susceptible cultivar 
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'Eigenheimer' and cultivar 'Saturna' carrying the Hi gene from 
S.tuberosum ssp. andigena CPC 1673 were grown on water agar in Petri 
dishes (Mugniery & Person, 1976). The Petri dishes were kept in the 
dark at 18*C. Freshly hatched larvae or larvae stored up to three days 
at V C , were used. Two larvae were inoculated per root tip (Janssen et 
al., 1990a). The inoculum size was 400 larvae (200 root tips) per 
treatment. 
The Fx of line Roj-22 and line Roj^-19, (Ro5-22xRoj-19), was obtained 
by placing one male on the gelatinous matrix of the female. Males from 
Ro^-19 were reared on cultivar 'Eigenheimer' in clay pots (700 ml) in 
sandy loam soil inoculated with 50 cysts in a controlled environment 
with 16h light and at 18 'C. A slow release N-P-K granulate fertilizer 
(Osmocote ) was added. Males were harvested after about 30 days with 
an elutriator (Oostenbrink, 1960). Females were reared on roots of 
cultivar 'Saturna' grown on water agar (Janssen et al.,1990a; Mugniery 
& Person, 1976) by inoculating one larvae per root tip per Petri dish. 
Ten days after inoculation, root systems and adhering agar gel were 
submerged in beaker glasses filled with tap water, by piercing a rod 
through the tuber segment and the agar gel. Contact between the 
segment and water was avoided. After twenty days, the tuber segment 
with the root system and adhering agar was returned to the Petri dish 
to assess accurately the numbers of females. Males were counted from 
the beaker glasses. 
Results 
The number of larvae developing into adults on cultivar 'Eigenheimer' 
ranged from 228 (Roj-19), 266 (Ro5-22) to 321 (Fj), indicating that 
the two lines and the F^ differ in their vitality. The effect of the 
hosts in compatible combinations on the growth of adults was less 
distinct. The numbers of adults produced by Roj-22 was 266 on cultivar 
'Eigenheimer' and 282 on cultivar 'Saturna'. 
In compatible combinations the male-female ratio averaged 5.5%, 
whereas this figure was 143% in the two incompatible combinations. 
None of the homozygous avirulent larvae (AA) and only one heterozygous 
avirulent larvae (Aa) was able to develop into a female on cultivar 
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'Saturna' . The di f ferences between the two genotypes were more 
pronounced considering the development into males. On cu l t i va r 
'Saturna' the number of heterozygous males (94) was near ly twice as 
high as the number of double dominant males (49). These differences 
are a lso s i gn i f i c an t mathematically when the numbers of males are 
expressed as a percentage of the total number of adults that developed 
on 'Eigenheimer' (see Table 1). 
Table 1. Number of adults of Roj^ -19 (AA), Roj-22 o x Roj^ -19 d'(Aa) and 
R05-22 (aa) that developed on susceptible cult ivar 'Eigenheimer' and 
resistant c u l t i v a r 'Saturna' a f t e r inocu la t ing 400 larvae per 
combination 
pathotype cultivar 
(genotype) 
?? 00 total % do over 
adults total adults 
on Eigenheimer 
ROJL-19 (AA) Eigenheimer 220 8 228 
Saturna 0 49 
Ro5-22xRo1-19 (Aa) Eigenheimer 307 14 321 
Saturna 1 94 
R05-22 (aa) Eigenheimer 260 6 266 
Saturna 253 29 
21.5 a 
29.3 b 
10.9 c 
Figures with different letter are significant at P<0.005 
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Discussion 
Various studies have shown that males of avirulent populations can 
develop on plants having the H-^  resistance gene (e.g. Jones, 1954; 
Ouden, 1958; Turner & Stone, 1984; Trudgill et_al, 1967; Forrest et 
al., 1986). However, in these studies the AA and Aa genotypes were not 
tested separately. We demonstrated that both AA and Aa genotypes are 
able to develop into males. It is also apparent that the resistance 
conferred by the Hi gene is to a certain extent also operating on the 
development of males. The total number of adults in compatible 
combinations, predominantly females, is much higher than the number of 
adults, predominantly males, in incompatible combinations. For 
example, the number of adults of line Ro^-19 on cultivar 'Eigenheimer' 
is 228, whereas this figure is 49 on cultivar 'Saturna'. These data 
demonstrate that larvae able to develop into females on cultivar 
'Eigenheimer' do not necessarily develop into males on cultivar 
'Saturna ' . 
As already discussed in a previous report (Janssen et al., 1990b), 
the resistance of the Hi gene is probably not absolute. Our data 
indicate that heterozygous larvae have no or only a slight advantage 
over homozygous dominant larvae to develop into females on plants 
carrying the Hi resistance gene. Only one Aa larva out of the 400 
larvae inoculated developed into a female and none of the avirulent AA 
larvae. 
The number of males of the heterozygous F-, (94) on cultivar 
'Saturna' is much higher than the number of homozygous avirulent males 
of line Roi-19 (49). However, the absolute numbers seem not suitable 
for a proper evaluation of a possible selective advantage of the 
heterozygous larvae (Aa) over homozygous dominant larvae (AA) to 
develop into males. The F^ larvae are more vital than the larvae of 
R0|-19. These differences in vitality may also explain the larger 
numbers of males of the Fi on cultivar 'Saturna'. The increased 
/ 
vitality of the F^ larvae may have resulted from heterosis or from the 
fact that the larvae of the F^ were obtained by artificial hatching 
from young cysts, whereas the larvae of the two inbred lines were 
hatched from one year old air-dried cysts. The relative number of 
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males, ca lcula ted as a percentage of the number of adult females and 
males on c u l t i v a r 'Eigenheimer', seems a more appropr ia te measure, 
because the contribution of v i t a l i ty i s minimized in these figures. As 
shown by the r e l a t i v e numbers in Table 1 the F^ larvae (29,3%) may 
have a s l i g h t advantage over the larvae of Ro^-19 (21.5%) to develop 
into males. However, i t can not be excluded that d i f ferences in 
v i t a l i ty of the larvae, also interfer with these relat ive numbers. In 
any case, i t seems feasible to conclude, that if heterozygous larvae 
have a selective advantage, the selection pressure is small and has no 
large consequences for the p o p u l a t i o n g e n e t i c s of v i r u l e n c e . 
Simulation models, which a s se r t from the assumption tha t AA and Aa 
genotypes have an equal chance to develop into males on plants having 
the H^  gene, are su f f i c i en t l y accurate to predic t the behaviour of 
virulence in f ie ld populations (Jones & Perry, 1978; Jones et^ a l , 
1981; S p i t t e r s & Ward, 1988). 
Biochemical explanations for a gene-for-gene system are often based 
either on the spec i f i c i t y of the i n c o m p a t i b l e combina t ion or 
compatible combination. In the f i r s t model, the e l i c i t o r - r e c e p t o r 
theory, the avirulence a l le le produces an e l ic i tor which triggers the 
hypersensitive reac t ion (Keen, 1981). In the a l t e r n a t i v e model of 
induced s u s c e p t i b i l i t y , the v i ru lence a l l e l e produces a substance, 
which blocks the biosynthetic pathway of the hypersensitive response 
(Ouchi e t a l . , 1976). Both models a r e a l s o a p p l i c a b l e to the 
development of females and males on plants having the H-, r e s i s t ance 
gene. Our data indicate that heterozygosity does not result in a less 
outspoken or delayed hypersens i t ive reac t ion . The presence of one 
avirulent a l l e l e in the heterozygous larvae r e su l t i ng e i t he r in a 
e l ic i tor ( f i r s t model) or an incomplete blocking mechanism (second 
model), leads to a host reaction which is comparable with the reaction 
evoked by the double dominant larvae. 
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SAMENVATTING EN PERSPECTIEVEN 
Het centrale thema van het onderzoek was de bestudering van de 
genetische achtergronden van virulentie en avirulentie van Globodera 
rostochiensis voor het H, resistentiegen in Solanum tuberosum ssp. 
andigena CPC 1673. Deze monogene resistentie is op dit moment de 
belangrijkste vorm van resistentie in consumptie- en fabrieks-
aardappelrassen in West-Europa. Net als bij andere planteparasitaire 
nematoden werd genetisch onderzoek aan aardappelcysteaaltjes belemmerd 
door problemen bij het uitvoeren van kruisingsexperimenten. Het 
genetisch onderzoek dat desondanks werd uitgevoerd kenmerkte zich door 
tijdrovende experimenten vanwege de diapauze van bijna één jaar, niet 
goed te controleren massa kruisingen, en het gemis aan populaties met 
nauwkeurig gedefinieerde niveau's van virulentie. Genetische modellen 
konden slechts getoetst worden aan de hand van het gedrag van veld-
populaties. Het model van Jones, gebaseerd op het gen-om-gen systeem 
dat voor het eerst gevonden werd bij de plant/schimmel interactie 
vlas/roest, beschrijft op een redelijke wijze de virulentie-ontwik-
keling van veldpopulaties. In zijn theorie zijn virulente individuen 
voor het H^ resistentiegen homozygoot recessief. 
In de eerste drie hoofdstukken van dit proefschrift zijn de methoden 
beschreven waarmee binnen een acceptabele tijd genetische experimenten 
uitgevoerd kunnen worden. Genetische analyses van virulentie in 
aardappelcysteaaltjes vormen het onderwerp van de laatste twee hoofd-
stukken. 
In het eerste hoofdstuk wordt een methode beschreven waarmede achter-
eenvolgende generaties aardappelcysteaaltjes gekweekt kunnen worden 
door de diapauze te omzeilen. Hiertoe worden de cysten gekweekt op 
wortels van aardappelspruiten in Petrischalen met wateragar of in 
grond en zorgvuldig vochtig gehouden. De larven worden uit de cyst 
gelokt door de cysten met een scalpel te halveren of voorzichtig door 
te drukken zonder de eieren te beschadigen ("crushen") en deze 
vervolgens te incuberen in lokstof. Op deze wijze wordt ongeveer 40% 
van de cysteïnhoud gelokt. Deze behandeling heeft geen nadelige 
invloeden op de vitaliteit van de larven en de hieruit ontwikkelde 
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mannetjes en vrouwtjes. Dit geldt zowel voor eieren uit cysten 
gekweekt in Petrischalen als in grond. Op deze wijze is het mogelijk 
drie tot vijf generaties per jaar in potten te kweken en vijf tot zes 
generaties in Petrischalen. 
Een essentieel onderdeel voor het uitvoeren van het genetisch onder-
zoek was een gestandaardiseerde en nauwkeurige bepaling van de 
virulentie in populaties (hoofdstuk II). Hiervoor werden cysten in 
Petrischalen op wortels van aardappelspruiten gekweekt. Optimale 
resultaten werden verkregen door twee larven per wortelpunt te 
inoculeren. Het percentage virulente individuen in diverse populaties 
werd bepaald door larven op een vatbare en een resistente cultivar te 
inoculeren en het aantal gevormde vrouwtjes op de resistente cultivar 
uit te drukken in percentages van het aantal gevormde vrouwtjes op de 
vatbare cultivar. Deze percentages varieerden aanzienlijk in 
populaties van pathotypen van zowel G. rostochiensis als G. pallida. 
Ter bepaling van de nauwkeurigheid van de methode werd een ver-
gelijking gemaakt met de gangbare pathotypetoets op basis van Pf/Pj 
bepalingen. De waarden voor de variatiecoëfficient geven duidelijk aan 
dat de methode in Petrischalen beter geschikt is voor het bepalen van 
virulentieniveau's dan aan de hand van potexperimenten. Voor verder 
onderzoek werden de populaties Ro^-Mierenbos en Roc-Harmerz uitgekozen 
met respectievelijk <0,1% en 84.6% virulente individuen voor het H^ 
resistentiegen. 
Het kweken van cysten onder geconditioneerde omstandigheden en de 
hierboven beschreven techniek maakten het mogelijk om na gecontroleer-
de enkelvoudige kruisingen virulente en avirulente lijnen voor het H-^  
resistentiegen te selecteren (hoofdstuk III). Voor deze kruisingen 
werden mannetjes in grond en vrouwtjes op wortels in Petrischalen 
gekweekt. Kruisingen werden uitgevoerd door één mannetje te plaatsen 
op de gelatineuze matrix van het vrouwtje. In een groot aantal F2 en 
F 3 lijnen werden de virulentieniveau's bepaald. Uit populatie Ro^-
Mierenbos en Rog-Harmerz werden respectievelijk een avirulente en een 
virulente lijn geselecteerd, die gebruikt werden voor een nadere 
genetische analyse. 
Reciproke kruisingen tussen individuen van een avirulente en een 
virulente lijn gaven avirulente nakomelingen (F,). Zelfbevruchting van 
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de F^ leverde in de F 2 25% virulente en 75% avirulente individuen. 
Deze 1:3 uitsplitsing betekent dat virulentie recessief (a) is; 
virulente individuen zijn homozygoot recessief (aa), en avirulente 
individuen homozygoot dominant (AA) of heterozygoot (Aa). Bovendien is 
(a)virulentie niet geslachtsgebonden (hoofdstuk IV). 
Met behulp van de virulente en de avirulente lijn en de heterozygote 
F^ in combinatie met een betrouwbare techniek om mannetjes te ver-
zamelen werd het effect van heterozygotie op de vorming van mannetjes 
en vrouwtjes bestudeerd. Zowel de homozygote (AA) als de heterozygote 
(Aa) avirulente larven kunnen zich op cultivars met het Hj^  gen niet 
tot vrouwtjes ontwikkelen maar wel tot mannetjes. Heterozygote aviru-
lente mannetjes waren enigszins in het voordeel in vergelijking met 
homozygote avirulente mannetjes. Dit verschil is echter te klein om 
effect te kunnen hebben op populatie-genetisch niveau (hoofdstuk V). 
Deze genetische analyse bewijst dat er een klassieke gen-om-gen 
relatie bestaat tussen (a)virulentie in G_;_ rostochlensis en het H^ 
resistentiegen en opent de weg voor het opsporen van het (a)virulen-
tiegen en mogelijk ook het H^ resistentiegen. Met behulp van "single 
copy" DNA probes kunnen RFLP's (Restriction Fragment Length Poly-
morphism) opgespoord worden die nauw gekoppeld zijn met het (a)viru-
lentiegen. Hiertoe is de F^ (Aa) van een virulente (aa) en avirulente 
(AA) teruggekruist met de virulente ouderlijn (aa). De T\ is ver-
volgens opnieuw teruggekruist (T2) met de virulente ouder om virulente 
lijnen te selecteren voor het H^ resistentiegen in cultivar 'Saturna' 
(Figuur 1). Deze kruising gaf de gewenste 1:1 uitsplitsing te zien. Er 
worden nu ongeveer 300 T2 lijnen vermeerderd. Een set discriminerende 
probes voor de ouderlijnen is in ontwikkeling. In het geval de RFLP's 
niet zijn gekoppeld met (a)virulentle, zullen in de 300 T2 lijnen de 
DNA-banden van beide ouderlijnen aanwezig zijn. Geldt echter koppeling 
dan wordt alleen het DNA-patroon van de virulente ouderlijn verkregen, 
tenzij er recombinatie heeft plaatsgevonden. Het percentage recom-
binanten geeft waardevolle informatie voor het construeren van 
koppelingskaarten. Ook kan de fysische afstand tussen een aantal 
RFLP's die nauw gekoppeld zijn met het (a)virulentiegen worden bepaald 
met behulp van "Pulsed Field Electrophoresis". Dit is een belangrijke 
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stap op weg naar het isoleren en karakteriseren van dit (a)virulentie-
gen in het aardappelcysteaaltje, wat vervolgens kan leiden tot 
localisatie van het complementaire resistentiegen in de plant. 
Ro5-Harmerz lijn 22 
aaM,M, (o) 
F, 
T, Selectie van 60Q fijnen 
opcv,Satuma(Htgen} 
niet gekoppeld / 
recomblnatie 
óf 
Cï*?SJ\-<9>-
V(°)-
Mo)xaaM,M,(cr) 
! V / - ( ? ) xaaM,!/!,^) 
Tâ $00 %en viïüfent 
voorSatiirna 
niet gekoppeld: 150 lijnen, 150 lijnen 
(50%) (50%) 
óf 
recomblnatie: r lijnen, 300-r lijnen 
Rot-Mlerenbos lijn 19 
aM,M, Iff) 
gekoppeld 
( 9 ) -
(o)xaaM,M, (rf) 
300 lijnen 
(100%) 
A : avirulente allai M, en M2 : RFLP markers 
a : virulente alle) r : recombinanten 
Figuur 1. Kruisingen voor het bepalen van de mate van koppeling tussen 
de markers (RFLP's) en het (a)virulentiegen in Globodera rostochiensis 
voor het H, resistentiegen. 
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Tot slot, het hier samengevatte onderzoek betreft een viertal 
methodieken die ondanks hun eenvoud baanbrekend zijn geweest voor het 
uitvoeren van genetisch onderzoek aan aardappelcysteaaltjes: (i) het 
opkweken van vier tot vijf generaties aardappelcysteaaltjes per jaar, 
(ii) een accurate methode voor het bepalen van het aantal virulente 
individuen in een populatie, (iii) het kweken van cysten op aardappel-
wortels in Petrischalen, en (iv) het uitvoeren van gecontroleerde 
kruisingen tussen één vrouwtje en één mannetje. Dit veredelingswerk 
resulteerde in de selectie van een avirulente en een virulente lijn 
met behulp waarvan het genetisch bewijs werd geleverd voor het bestaan 
van een gen-om-gen relatie tussen (a)virulentie in G^ _ rostochiensis en 
het Hj^  resistentiegen. 
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